ABSTRACT Psyllids are a menacing pests of pears (Pyrus spp.) grown in temperate and subtropical regions of the world, including Taiwan and China. Pear psyllids belong to the large genus Cacopsylla (Psyllidae: Psyllinae). Among the 28 psyllid species that infest pear trees, Cacopsylla chinensis (Yang and Li, 1981) is considered the most harmful. Two psyllid outbreaks involving exotic species affected Japanese pear (Pyrus pyrifolia variety culta) orchards in the Saga Prefecture in July and November 2011. The psyllids were morphologically identical to the summer and winter forms of C. chinensis. In this study, we performed DNA sequence analysis of the mitochondrial cytochrome oxidase I-leucine tRNA-cytochrome oxidase II (COI-tRNA Leu -COII) and 16S rDNA regions to elucidate the phylogenetic relationships among 82 summer-form psyllids, Þve winter-form psyllids from several orchards in Japan, and those reported from Taiwan and China. The sequences of the COI-tRNA Leu -COII and 16S rDNA regions were identical among all 87 psyllids from Japan, regardless of summer/winter forms or orchards in Saga, Japan. Comparison of nucleotide sequences and phylogenetic analysis differentiated Japanese psyllids from the Taiwanese and Chinese C. chinensis isolates, with Ϸ8 and 7% nucleotide difference in the COI-tRNA Leu -COII and 16S rDNA regions, respectively. The results suggest that C. chinensis possess a high level of genetic variability and that the psyllids responsible for the outbreak in Saga, Japan belong to a distinct lineage of C. chinensis.
Pear psyllids produce a large amount of honeydew that causes severe sooty mold damage in pears (Pyrus spp.) grown in temperate and subtropical regions around the world. These pests belong to the large genus Cacopsylla (Psyllidae, Psyllinae), which includes at least 28 psyllid species that infect pear trees (Yang and Li 1981 , Li and Yang 1984 , Burckhardt and Hodkinson 1986 , Burckhardt 1994 . Furthermore, some of these psyllids are vectors of phytoplasma, which are responsible for pathological diseases in pear trees (Wong and Madsen 1967) .
Severe damage in pears attributable to Cacopsylla chinensis (Yang and Li 1981) has been reported in China. A C. chinensis outbreak also occurred in pear orchards of Western and Central Taiwan (Yang et al. 2004 , Lee et al. 2008 . Psyllids possess seasonal forms in the summer and winter (Yang and Li 1981) . Molecular markers are valuable tools for the identiÞcation of species and population. On the basis of DNA sequence analysis, C. chinensis species could be divided into two lineages on the basis of 3.3 and 2.3% divergence in cytochrome oxidase I (COI) and 16S rDNA, respectively (Lee et al. 2007 (Lee et al. , 2008 . More speciÞcally, C. chinensis collected from Taiwan were divided into two phylogenetic lineages, with its differentiation apparently not related to their morphological characteristics (Lee et al. 2007 (Lee et al. , 2008 . In contrast, all Chinese C. chinensis isolates have been grouped as a single phylogenetic lineage (Lee et al. 2007 (Lee et al. , 2008 .
In Japan, Cacopsylla pyrisuga (Foerster 1848) and Cacopsylla pyricola (Foerster 1848) are the only two pear psyllids that have been documented to date (Inoue 2010 , Kuwayama 1908 ). In July and August 2011, partial leaf blackening was reported in the orchards of the Japanese pear (Pyrus pyrifolia variety culta). These orchards are located close to and around one city of the Saga Prefecture (Fig. 1) . Since then, etiolation and defoliation frequently occurred. During this time, we conÞrmed the existence of exotic psyllids that were morphologically indistinguishable from the summer and winter forms of C. chinensis and were identiÞed by Inoue (2012) as C. chinensis. In October 2011, the psyllid-infected orchards covered Ϸ23 ha, of which 9.5 ha were defoliated. To prevent further damage from the psyllids, producers are forced to use of neonicotinoid insecticides and spinosyn insecticides such as clothianidin, nitenpyram, and spinetoram. The Saga Prefecture spent approximately $84,000 for the purchase of these pesticides in its quarantine practice in 2011. However, it is feared that continuous application of these insecticides may eventually result in insecticide resistance in these psyllids.
To estimate effective control measures, it was important to whether the invading psyllids are genetically homogeneous or diverse. In general, homogeneous populations of invading pests indicate that invasion occurred at one event and suggesting that eradication may be possible if immediate measures were implemented. In contrast, populations with high genetic diversity indicate that invasion occurred multiple times; thus, possibly requiring larger and longer control measures.
Our Þrst hypothesis is that pear psyllids originated from Taiwan, and they were later introduced in Japan. If this route of transmission were true, then the DNA sequences between the Japanese and Taiwanese psyllids would be very similar. Our second hypothesis is that genetic diversity among individuals of Japanese pear psyllids may be established. The objectives of this study were 1) to compare the nucleotide sequences between Japanese and Taiwanese psyllids and 2) to determine genetic diversity of pear psyllids in Japan.
To determine the genetic relationships among C. chinensis isolates from Japan, Taiwan, and China, a comparative sequence analysis of the COI and the downstream (COI-tRNA Leu -COII) and 16S rDNA regions were performed.
Materials and Methods
Sample Collection. Adult and nymph C. chinensis were collected from pear orchards in the Saga Prefecture in the summer and fall seasons of 2011. Pertinent information on the collected isolates is presented in Table 1 and Fig. 1 . The specimens were preserved in 99.5% ethanol and stored at 4ЊC.
The nucleotide sequences of C. chinensis from Taiwan and China (Lee et al. 2008) were also used for comparison. Adult C. pyrisuga organisms were collected from the pear orchard of the NARO Institute of Fruit Tree Science in Ibaraki Prefecture, Japan, in the spring of 2012 and used for comparison. Adult Diaphorina citri Kuwayama (Hemptera: Psyllidae) organisms, originally collected in Kagoshima, Japan, were used as an outgroup in the comparison of nucleotide sequences. In addition, the nucleotide sequences of Cacopsylla qianli (Yang & Li) from Meifong, Taiwan, as cited by Lee et al. (2008) were also used as an outgroup in the comparison.
DNA Extraction. Total genomic DNA from the entire bodies of 14 pear psyllids (ide-1mc, ide-2mc, ide3mc, ide-4mc, ide-1fc, ide-2fc, ide-3fc, ide-4fc, ide-5fc, ide-6fc, ide-7fc, ide-8fc, ide-9fc, and ide-10fc) was extracted using the DNeasy Blood and Tissue Kit (Qiagen, Tokyo, Japan). Individual insects were placed in microcentrifuge tubes of Biomasher II (Nippi, Tokyo, Japan) containing 180 L of the ATL buffer and 20 L of proteinase K (Qiagen) and were ground using a plastic pestle (Nippi). DNA extraction was performed according to the manufacturerÕs instructions, and 100 L of the DNA suspension was Þnally recovered from a spin column and used for analysis.
Total genomic DNA was extracted from the other Japanese psyllids by using the same DNA extraction kit and procedure with minor modiÞcations, in which each psyllid was incubated at 55ЊC for a couple of nights in 45 L of the ATL buffer and 5 L of proteinase K, similar to the protocol for DNA extraction from lice (Johnson et al. 2004) . After incubation, 135 L of the ATL buffer and 15 L of proteinase K were added. These specimens retained their morphological characteristics even after DNA extraction and were preserved in 70% ethanol and subsequently stored at 4ЊC as voucher specimens. Finally, 200 L of the DNA suspension was recovered from a spin column and used for analysis.
Polymerase Chain Reaction (PCR). The COI region, including the 3Ј region of COI, tRNA Leu , and 5Ј region of the COII gene, was ampliÞed using primers Detailed location are shown in Fig. 1 . a Sequences were acquired in this study. b Sequences were cited from Lee et al. (2008) . c Sequences were cited from Lee et al. (2007) .
e Dots show identical sequence with C. chinensis isolate Ôide-1mc.Õ UEA9 (5Ј-GTAAACCTAACATTTTTTCCTCAACA-3Ј) and C2-N-3389 (5Ј-TCATAAGTTCARTAT-CATTG-3Ј) (Lunt et al. 1996 , Simon et al. 1994 . PCR was performed using the GeneAmp PCR system with 20-L reaction mixtures containing 0.5 L of DNA template, 0.1 M of each primer, 200 M dNTP mixture, 1ϫ PCR buffer, and 2.5 U of Ex TaqDNA polymerase Hot Start Version (TaKaRa, Shiga, Japan). Conditions for PCR ampliÞcation were as follows: an initial denaturing step of 95ЊC for 10 min, 35 cycles of 95ЊC for 50 s, 45ЊC for 1 min, and 72ЊC for 1 min, and a Þnal extension step of 72ЊC for 10 min. The partial sequence of mitochondrial 16S rDNA gene was ampliÞed and sequenced using primers 16SR21 (5Ј-GCGTGTTTATCAAAAACAT-3Ј) and 16S22 (5Ј-CCGGTCTGAACTCAGATCA-3Ј) (Yeh et al. 1997) . The thermal cycling conditions were as follows: 35 cycles of denaturing at 95ЊC for 50 s, annealing at 50ЊC for 1 min, at extension at 72ЊC for 2 min.
AmpliÞed PCR products were separated using electrophoresis in a 1.5% (wt:vol) agarose gel in Tris-boric acid-EDTA buffer. The PCR products were extracted from the gel slice by using the QIAquick gel extraction kit (Qiagen), according to the manufacturerÕs instructions.
Sequence Analysis. The DNA fragments were subjected to direct sequencing of both strands by using the ddNTP termination method (Sanger et al. 1997 ) using BigDye Terminater v 3.1 Cycle Sequencing Kit (Applied Biosystems, Foster City, CA) and ABI 3130xl sequencer. Sequence Alignment and Phylogenetic Analysis. DNA sequences were aligned using the software MEGA5 (Tamura et al. 2011) , and homology analysis was performed according to the instructions of the DNA Data Bank of Japan website (http://www.ddbj. nig.ac.jp/). Phylogenetic trees were also constructed using the neighbor-joining method (Saitou and Nei 1987) included in MEGA5.
Results

Sequence Variation in the Mitochondrial COItRNA
Leu -COII and 16S rDNA Regions. The nucleotide sequence of the mitochondrial COI-tRNA Leu -COII region was determined to be 580 bp in length. Analysis of 82 summer-form and Þve winter-form psyllids showed that the nucleotide sequence was identical among all individuals of the Japanese C. chinensis. However, an 8 Ð9% nucleotide difference was observed among the Japanese C. chinensis and the Taiwanese or Chinese C. chinensis isolates. The nucleotide differences between Japanese C. chinensis and C. qianli, C. pyrisuga, and D. citri averaged 13, 14, or 26%, respectively.
Sequence analysis of the partial 16S rDNA gene showed similar Þndings to that of the COI-tRNA Leu -COII region. Within the 452-bp partial 16S rDNA gene, no nucleotide change was detected among all the Japanese C. chinensis isolates. Nucleotide differences between Japanese and Taiwanese or Chinese C. chinensis were within the range of 7Ð 8%. The nucleotide differences between Japanese C. chinensis and either C. qianli, C. pyrisuga, or D. citri were 9, 10 Ð11, or 22%, respectively.
Phylogenetic Analysis of the Mitochondrial COI and 16S rDNA Regions. The phylogenetic trees representing 1,000 bootstrap replications of the COI (Fig.  2 ) and 16S rDNA (Fig. 3) regions in 87 Japanese, 33 Taiwanese, and 3 Chinese psyllid specimens showed similar evolutionary patterns. Three distinct clusters were observed: one consisted of all Japanese C. chinensis, the second one included all Taiwanese C. chinensis, and the third one comprised Taiwanese and Chinese C. chinensis.
Discussion
The sequences of the COI-tRNA Leu -COII and 16S rDNA regions of the 87 C. chinensis isolates from Saga, Japan, were identical, suggesting that these individuals are genetically homologous. It is probable that these individuals descended from a single colony that was presumably introduced recently in Japan.
In a study using the COI region to examine the diversity of 23 legume-feeding arytainine psyllids, Percy (2003) showed that intraspecies divergence did not exceed 2.8%, except for the species Livilla monospermae Hodkinson, Arytaina devia Loginova, and Arytinnis occidentalis Percy. The nucleotide difference of Ϸ9% between the Japanese C. chinensis and either the Taiwanese or Chinese C. chinensis observed in this study was also exceptionally high. It is possible that C. chinensis might be as highly genetically variable as the four exceptional species L. monospermae, A. devia, Arytinnis dividens (Loginova), and A. occidentalis of the family Psyllidae.
Nucleotide differences in the COI-tRNA Leu -COII and 16S rDNA regions of the Japanese C. chinensis and either the Taiwanese or Chinese C. chinensis were signiÞcantly greater than that among the Taiwanese and Chinese C. chinensis isolates; this suggested that the Japanese C. chinensis isolates belong to a distinct lineage, the origin of which is yet to be discovered. A similar lineage may exist in Taiwan or in China, prompting the need to conduct additional comprehensive Þeld surveys in these regions.
